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The  effect  of  carbon  ﬁber  surface  characteristics  on  ﬂexural  properties  of  structural  composites  is studied
in this  work.  Two  types  of  intermediate  modulus  carbon  ﬁbers  were  used:  T800HB  and  IM7. Results
revealed  that  higher  mechanical  properties  are  linked  with  higher  interfacial  adhesion.  Morphologies
and  chemical  compositions  of  commercial  carbon  ﬁbers  (CF)  were  characterized  by Fourier  Transformedeywords:
urface properties
nterfacial adhesion
tructural composites
lexural properties
Infra  Red  (FTIR)  and  Scanning  Electronic  Microscopy  (SEM).  Comparing  the  results,  the  T800HB  apparently
has more  roughness,  since  the  IM7  seems  to  be recovered  for  a polymeric  ﬁlm.  On  other  hand,  the  IM7
one shows  higher  interactivity  with  epoxy  resin  system  Cycom  890 RTM.  Composites  produced  with
Resin Transfer  Molding  (RTM)  were  tested  on a ﬂexural  trial.  Interfacial  adhesion  difference  was  showed
with SEM  and  Dynamic  Mechanical  Analyses  (DMA),  justifying  the  higher  ﬂexural  behavior  of  composites
made  with  IM7  ﬁbers.. Introduction
The technological interest of aeronautical industry in producing
ighter and higher quality materials is due to possibility of reduce
perational costs and, consequently, attracting new customers [1].
The composite quality depends on involved phases and also on
he process. Fiber combination in different weft and warp allows a
ariety of mechanical properties and can be produced for a speciﬁc
art design [2]. The matrix phase role is promoting the constantly
oad distribution and keeping the shape, aside from being respon-
ible for composite thermal stability [3,4]. However, some authors
ave shown that the processing technique has an inﬂuence on com-
osites mechanical properties and on the ﬁnal properties, mainly
ue to voids amount of composite and to the closed mold process
aving obtained better results than other processes [2,5]. This jus-
ify the increasing interest in applying processes of liquid molding
amily, as the Resin Transfer Molding (RTM).
The carbon ﬁber is one the mostly used material for the
reparation of large varieties of composites. They present unique
dvantages in terms of strength-weigh relation, and can inﬂuence
he physical and mechanical properties through the form, orienta-
ion and content modiﬁcation [6,7].
In structural applications, such as aircraft primary structures,
xcellent mechanical properties are expected. Thus, the extent of
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matrix and reinforcement adhesion is very important, since the
adhesive force affects the thermal and mechanical strength, mod-
ulus, stiffness, and fracture behavior of polymer composites [8].
The interfacial adhesion can be classiﬁed into physical and
chemical interaction. The former is based on mechanical interlock-
ing and the later is based on polar and acid-base linking [9,10].
Carbon ﬁbers (CF) are usually coated by sizing, a polymeric solu-
tion applied to improve the adhesion with resin matrix, since the
CF are normally inert and promote a very weak interface. Some
one shows roughness and porosity, since a good interfacial adhe-
sion can also be obtained through a physical interaction [9,11].  Dai
[11] concludes that interfacial properties depends not only on the
chemical, but also on the physical interaction.
Dynamic mechanical analyses (DMA) are an important tool to
provide information about composites viscoelastic properties and
interfacial adhesion. Graph analyses bring information about mate-
rial through peak and curves dislocation. The storage modulus (E′)
curve indicates the material stiffness. In the case of composites,
they can be deﬁned as being in a glassy or a rubbery state with
temperature variation. For loss modulus (E′′), the energy is dissi-
pated as heat, giving information about macromolecule relaxation
process, so the broadening of E′′ peak is related to relaxation pro-
cess inhibition, which can be attributed to ﬁber content increasing.
Since the damping parameter (tan ı) is a balance between the elas-
tic and the viscous phase of polymeric structures, the position and
height of tan ı peak gives information about structure and proper-
ties, e.g. until it reaches inﬂection peak, chain segments are frozen,
after this point, they can move freely and there is no resistance to
face Science 274 (2013) 210– 216 211
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small, there is an evidence of higher N content on TW-IM7 surface.
The atom ratio founded for PW-T800HB ﬁber
was  C:O:Si = 95.7:4.2:0.07, while for TW-IM7 was
Table 1
FTIR bands assignment for IM7  and T800HB carbon ﬁbers.
Wavenumber (cm−1) Assignment
3300–2300 N H : stretching
2278 Ester groups
1705 Carboxyl acid
1501 Aromatic nitro compounds
1425 C H in CH : deformationalT. Brocks et al. / Applied Sur
ow. Fibers addition has an inﬂuence on tan ı, since they restrict
he chain movement [8,12,13].
Using the DMA technique for interfacial ﬁber/matrix evaluation
as proposed by Akbar and Yiu [12]. These showed that tan ı peak
an be related to interfacial adhesion strength and is a real indi-
ation of molecular motion. For higher molecular motion, greater
he area under the tan ı peak and weaker interfacial adhesion is
bserved [12]. Ko et al. [14] also reported a decrease of the damping
eak with an increase of the interface adhesion.
The present investigation present the ﬂexural test results
pplied on a carbon/epoxy system composite in regarding to the
arbon ﬁber surface roughness and sizing functional groups. The
bjective of this work is to investigate the effect of ﬁber surface
n interfacial adhesion through ﬂexural strength of a composite
rocessed by RTM with a monocomponent epoxy resin.
. Experimental
.1. Materials and composites preparation
Resin Transfer Molding (RTM) process was used to prepare two
ifferent composites sets with biaxial fabrics. The Plain Weave
PW) and Twill Weave (TW) fabric were manufactured by Sigmatex
aterial Innovation with 200 gsm. The commercially available car-
on ﬁber used to prepare the PW (T800HB 6K 40B) and the TW (IM7
P 6K) fabrics were, respectively, T800HB 6K 40B (Toray Innovation
y Chemistry) and IM7  GP 6K (Hecxel). Cycom 890 RTM monocom-
onent epoxy resin, produced by Cytech Technology, was applied
s matrix. All composites were post-cured as manufacturer rec-
mmendation. Fiber volume fraction on composites are 51.6% for
W-T800HB and 52.4% for TW-IM7, deﬁned through acid digestion
n a previous work.
.2. Fourier Transform Infrared Spectroscopy (FTIR) analysis
The FTIR analysis of the PW-T800HB and the TW-IM7 were con-
ucted in a Perkin Elmer spectrophotometer, model Spectrun 100,
sing the transmittance method with wavelength between 650 and
000 cm−1, with 4 scans and 4 cm−1 of resolution. Curves base-
ines were corrected and smoothed with Data Tune Up software
ool.
.3. Scanning Electronic Microscopy (SEM) and EDS analysis
Both ﬁbers were analyzed with SEM. The images were used to
eﬁne the roughness through SurfCharJ Image J Plugin. The Energy
ispersive Spectroscopy (EDS) analysis was applied on ﬁber sur-
aces in order to compare the nitrogen quantity present.
.4. Flexural analysis
Tests were measured using a Shimadzu AG-X test
achine, according to ASTM D790, using samples with
4 mm × 12.7 mm × 3 mm,  and speed of 4.98 mm/s. As indi-
ated in the standard speciﬁcation, ﬁve samples for each test were
nalyzed.
.5. DMA  analysis
Following the ASTM D7028, samples with
0 mm × 7.2 mm × 3.0 mm were measured using DMS  6100
odel EXSTAR 6000 equipment (SII Nanotechnology Inc.). Anal-
sis was performed in three-point bending mode with 10 m
f amplitude, at a frequency of 1 Hz and a 3 ◦C/min heating rate
etween 30 ◦C and 300 ◦C.Fig. 1. FTIR spectra of the IM7  and T800HB carbon ﬁbers.
3. Results and discussion
3.1. Carbon ﬁbers surface properties
FTIR carbon ﬁber analyses were carried out and are presented in
Fig. 1. This technique does not allow to quantiﬁer each species, but
appreciate a qualitative difference in groups distribution present
on surface ﬁbers [15].
Spectrum reveals some differences on the sizing agents of ana-
lyzed ﬁbers. Vibrations of N H (3300–2300 cm−1) [16] show
a slight absorption difference between both ﬁbers. The N groups
can elevate the cross linking density on epoxy resins due their
high functionality according to Packham [17]. Both ﬁbers show
ester groups (2278 cm−1) and carboxyl acid (1705 cm−1) presence,
a complex mixture of oxygenated species common on carbon ﬁber
sizing surfaces [15]. These groups can be used to elevate de percent-
age of active carbons [11]. Aromatic nitro compounds (1501 cm−1)
[18] are present only on T800HB ﬁber sizing. This group has active
hydrogen able to open epoxy rings and contribute to cross linking
formation [17].
Wave numbers 1425 cm−1, 1045 cm−1, 824 cm−1 and 801 cm−1
are associated to chemical links between C and H [18,19]. Finally,
there is C S [16] linking only on T800HB ﬁber surface. This sul-
fate can act as cure initiators [17].
Table 1 summarizes revealed peaks during the analysis.
Energy Dispersive Spectroscopy (SEM/EDS) analysis has
detected N only on TW-IM7 ﬁber surface. Fig. 2 shows the peak of
elements founded on each ﬁber and, on detail, can be observed the
difference of N peak, detected with 0.4 keV, for each one. Although2
1234 C C : stretching
1178 C S : stretching
1045 C CH3: stretching
824,  801 C H : deformational
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Fig. 2. SEM/EDS spectrum of the TW-IM7 and PW-T800HB carbon ﬁbers.
Table 2
Flexural strength of the composites.
PW-T800HB TW-IM7
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Table 3
Mechanical properties of both ﬁbers applied.
T800HB 40Ba IM7 GPa
Tensile strength (MPa) 5490 5330
Tensile modulus (GPa) 294 277Strength (MPa) 952 ± 53 884 ± 42
Modulus (GPa) 54 ± 2 60 ± 3
:O:Si:N = 87:3.7:0.04:8.81. However, the N amount detected
an represent not only N but also Ti content, that can be detected
t 0.39 and between 4.5 and 5.0 keV. PW-T800HB has not showed
 content detectable by EDS probably due to lower content.
Considering the obtained groups and their effects, the IM7  ﬁber
an lead to stronger interface formation.
.2. Flexural properties of the composites
Results of both types of ﬁbers used at the composites are listed
n Table 2. The values of ﬂexural strength were quite similar consid-
ring the high deviation.
Considering that both ﬁbers applied have similar mechanical
roperties, shown in Table 3, the 0.8% volume ﬁber fraction differ-
nce between composites has shown no inﬂuence on composites
exural properties. The difference between both is only on surface
haracteristics.
An observation of the composite fracture proﬁle is presented in
ig. 3. On the picture 3a and 3b it can be seen the zones that were
nder tensile (yellow arrows) and compression (white arrows) dur-
ng the test. The red arrows in Fig. 3 indicate the local where the
Fig. 3. Flexural fracture macrography of (aStrain (%) 1.9 1.8
a 40B and GP are related to surface treatment applied.
load was  applied, so the behavior for ﬂexural tests was considering
standard.
On ﬂexural loading case, ﬁbers on trative region are responsible
for composites strength [7].
In Fig. 4 pictures were captured in the tensile (a and c) and
compression (b and d) zones.
An interfacial failure can be observed in Fig. 4a and b, for the
PW-T800HB composite. Fig. 4b a ﬁber fractured tow shows matrix
remaining on some ﬁber surface, but in general, there was excessive
delamination.
Fig. 4c reveals hackles formation indicating matrix shear failure
due to low cohesive strength, attributed to low toughness. Fig. 4d
shows a typical compressive region failure, was  it can seen an excel-
lent interface and great ﬁber-matrix distribution.
It is important to notice that was  used the same matrix for both
composites, so, the difference between ﬁber adhesions is related
with carbon ﬁber surface properties.
3.3. SEM of carbon ﬁbers surface
Observing Figs. 5 and 6, PW-T800HB seems to be rougher than
TW-IM7, which shows PW-T800HB is a better candidate to pro-
duce a stronger interfacial adhesion. However, according to Dai
[11], the interfacial properties depend on the chemical and physical
interactions as well.
Fig. 5a shows the ﬁber morphology uniformity and Fig. 5b, the
apparent roughness.
TW-IM7 general aspect of ﬁbers surface is show in Fig. 6a.
These ﬁbers are characteristically recovered by a resin with dif-
ferent chemical nature regarding the resin used as matrix into the
composite, in Fig. 6c. However this phenomenon could mask their
original roughness (produced during Pan stretching stage) and pro-
vided an improvement of adhesion by chemical interlocking. Fig. 6b
shows a TW-IM7 ﬁber region without coating resin excess.The section ﬁbers difference is shown in Fig. 7. Fig. 7a and b
shows the section of PW-T800HB, and Fig. 7c and d, the section of
TW-IM7. The IM7  is clearly more circular and shows higher section
) PW/Cycom and (b) TWILL/Cycom.
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Fig. 4. Interface region of PW-T800HB (a and b) and TW-IM7 (c and d).
er surface with (a) 2000× and (b) 5000×.
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Table 4
PW-T800HB and TW-IM7 carbon ﬁbers roughness.
PW-T800HB TW-IM7Fig. 5. Roughness of PW-T800HB ﬁb
niformity than other. Fig. 7d is possible observe the thin polymer
oating around the ﬁber.
Using the SurfCharJ, an ImageJ plugin, the roughness was  deﬁned.
he Ra values shown in Table 4 are similar for both ﬁbers, notwith-
tanding, this is an average value. Observing the Rq (root mean
quare deviation), Rv (lowest valley) and Rp (highest peak) value,
he highest waviness of PW-T800HB ﬁber can be conﬁrmed through
ighest difference between Rv and Rp values. Besides, the Rq shows
ore deviation on PW-T800HB Ra value.Ra 8.7 8.9
Rq 12.3 10.4
Rv −73.9 −33.7
Rp 54.0 24.0
214 T. Brocks et al. / Applied Surface Science 274 (2013) 210– 216
Fig. 6. Roughness TW-IM7 ﬁber surface with (a) 2000× and (b) and (c) 5000×.
Fig. 7. Cross section of (a) PW-T800HB with 5000×, (b) PW-T800HB with 15,000×, (c) TW-IM7 with 5000× and (d) TW-IM7 with 20,000×.
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Table 5
DMA data for both composites.
PW-T800HB TW-IM7
E′ (GPa) 8.0 7.8
Tg (tan ı) 202 209
Tan  ı peak height 0.265 0.242
Tan  ı peak width at half height 25 21
E′′ (GPa) 1.1 0.8ig. 8. Dynamic mechanical properties of PW-T800HB and TW-IM7 composites.
.4. Dynamic mechanical analyses
A comparison of dynamic mechanical properties of PW-T800HB
nd TW-IM7 composites is given in Fig. 8, which presents well
eﬁned curves. The E′ show clearly the limit between glassy and
ubbery region, characterized by decreasing of E′ value. The E′ drop
oint is coincident with glass transition (Tg), associated to increas-
ng on chain molecular mobility, in a conservative form, whereas
t gives a lower temperature in comparison with tan ı. Observing
he both composites curves, is evident that PW-T800HB present
igher modulus, however, the modulus drop takes place at close
emperature, indicating a similar Tg.
Higher modulus can means better interfacial adhesion. How-
ver, the composite ﬁber volume fraction and the modulus of ﬁbers
sed to manufacture then, must to take account for some con-
lusion. In this case, composites with similar ﬁbers modulus and
olume fraction were compared.
The tan ı curve (Fig. 8) indicates the relaxation process initiation,
 coincident point with E′ drop falling. This process is caused by
ombination of microbrownian chain motion and stress relaxation
8]. The tan ı curve shows a proportion of chain that start their
ovement at each temperature, and the peak is the temperature
oint where higher amount of chain segments are in movement,
hich be explained by the different store energy potential of each
hain.
According to Hameed et al. [8] “the damping properties of the
aterial give the balance between the elastic phase and viscous
hase in a polymeric structure. In composites, damping is inﬂu-
nced by the incorporation of ﬁbers”.
In addition to energy dissipation occurs on interface, so a strong
ne is characterized through low energy dissipation, i.e., lower tan ı
eak, which means more restricted movements and effective stress
ransfer.
Both Tg curves in Fig. 8 show similar height and temperature.
ccording Table 2, the height is slightly lower and Tg is higher
or TW-IM7 (Table 5), which can means more effective interfacial
onding. The fact of the tan ı peak width at half height be broader
or PW-T800HB is an indicative of higher adhesion, nevertheless,
he other two aspects discussed leads to consider that TW-IM7
nterfacial adhesion is more effective.
Fig. 9 shows a viscous response of materials. Considering that
′′ curve is a measure of dissipated energy and its height is related
o relaxation process, higher E′′ values, i.e., higher peaks, indicate
ore energy dissipation. In composites this is attributed to internal
riction increasing.Fig. 9. Loss modulus vs. temperature for PW-T800HB and TW-IM7 composites.
Dislocated peaks to shift temperature, is an indicative of more
chain segments mobilization on ﬁber surface. Here, the PW-
T800HB composite dissipated more energy, corroborating with Tg
and E′ peaks analysis, i.e., weak interface. The TW-IM7 showed
more chain mobilization, associated to higher interfacial adhesion
seen with SEM analyses.
4. Conclusion
By comparing with T800HB (Toray) and IM7  GP (Hexcel) ﬁber
surface characteristics, both can be considering good enough to
produce structural composites. However, based on entire results
discussed, composites prepared with IM7  GP ﬁbers promote a
higher quality interface, revealing higher Tg temperature, besides
lower tan ı and E′′ peak and advantages on ﬂexural modulus.
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